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ULTRA-LOW COBALT IRON-COBALT
MAGNETIC ALLOYS

RELATED APPLICATION

This application 1s a continuation-in-part of U.S. patent
application Ser. No. 14/702,933 filed on May 4, 2015. This
application incorporates by reference into this document all
prior applications 1n their entirety and for all purposes.

TECHNICAL FIELD

The invention relates generally to soit magnetic alloys,
and particularly to iron-cobalt alloys containing less than or
equal to 10 wt. % cobalt.

BACKGROUND

Iron-cobalt alloys are known in the industry to provide a
high degree of magnetic saturation. In particular, 49Co—
Fe-2V (HIPERCO® 30 alloy available from Carpenter
Technology Corporation) 1s a commercially available alloy
that provides the highest magnetic saturation induction and
27Co—Fe (HIPERCO® 27 alloy, also available from Car-
penter) 1s known to provide a high degree of magnetic
saturation coupled with relatively high ductility and tough-
ness. Each of these alloys contains a large amount of cobalt
(approximately 50% for HIPERCO® 30, and 27% for
HIPERCO® 27). Cobalt 1s an expensive metal and greatly
increases costs. In airborne applications, the cost of these
alloys 1s justified by their superior room-temperature and
high-temperature magnetic and electrical properties com-
bined with adequate mechanical properties. For land and
marine applications, however, there 1s a need for a less-
expensive soft magnetic alloy that retains the superior
magnetic and electrical properties coupled with suitable
mechanical properties and corrosion resistance. Exemplary
land and marine applications include tly wheels, mechanical
bearings, solenoids, reluctance motors, generators, fuel
injectors, and transformers. There 1s further a need for a soft
magnetic alloy with a greater electrical resistivity so that the
alloy 1s suitable for both alternating current and direct
current applications.

SUMMARY

To meet these and other needs, and 1n view of 1ts pur-
poses, the present invention provides ultra-low cobalt 1ron-
cobalt magnetic alloys. One exemplary embodiment of the
invention includes a magnetic 1ron alloy having 1ron,
approximately 2 wt. % to approximately 10 wt. % coballt,
approximately 0.05 wt. % to approximately 5 wt. % man-
ganese, and approximately 0.05 wt. % to approximately 5
wt. % silicon. The alloy may further have one or more of
chromium up to approximately 3 wt. %, vanadium up to
approximately 2 wt. %, nickel up to approximately 1 wt. %,
niobium up to approximately 0.05 wt. %, and carbon up to
approximately 0.02 wt. %. The alloy may have an electrical
resistivity (p) of at least approximately 40 u&2cm. The alloy
may have a saturation induction (B.) of at least approxi-
mately 20 kG. The alloy may have a coercivity (H ) of less
than approximately 2 Oe. The alloy may include primarily a
single alpha phase.

Another exemplary embodiment includes a magnetic iron
alloy having 1ron, approximately 2 wt. % to approximately
10 wt. % cobalt, approximately 0.05 wt. % to approximately
5 wt. % manganese, and approximately 0.05 wt. % to
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2

approximately 5 wt. % silicon; and having a p of at least
approximately 40 pf2cm, a B_ of at least approximately 20
kG, and a H_ of less than approximately 2 Oe. The alloy may
further have one or more of chromium up to approximately
3 wt. %, vanadium up to approximately 2 wt. %, nickel up
to approximately 1 wt. %, niobtum up to approximately 0.05

wt. %, and carbon up to approximately 0.02 wt. %. The alloy
may include primarily a single alpha phase.

BRIEF DESCRIPTION OF DRAWINGS

The 1nvention 1s best understood from the following
detailed description when read in conjunction with the
accompanying drawing. It 1s emphasized that, according to
common practice, the various features of the drawing are not
to scale. On the contrary, the various features are arbitrarily
expanded or reduced for clanty. Included in the drawing are
the following figures:

FIG. 1A 1s a graph depicting saturation induction (B ),
coercivity (H ), and electrical resistivity (p) for a series of
alloys having approximately 10 wt. % Cobalt (Co) as
compared to HIPERCO® 27 and a substantially Co-free
control sample, according to an embodiment of the inven-
tion;

FIG. 1B 1s a graph depicting B_, H_, and p for a series of
alloys having approximately 8 wt. % Co as compared to
HIPERCO® 27 and a substantially Co-free control sample,
according to embodiments of the invention;

FIG. 1C 1s a graph depicting B, H_, and p for a series of
alloys having approximately 5 wt. % Co as compared to
HIPERCO® 27 and a substantially Co-free control sample,
according to embodiments of the invention;

FIG. 2A 1s a graph depicting 0.2% yield strengths for three
series of alloys having approximately 10 wt. % Co, approxi-
mately 8 wt. % Co, and approximately 5 wt. % Co as
compared to a substantially Co-free control sample, accord-
ing to embodiments of the mvention:

FIG. 2B 1s a graph depicting ultimate tensile strengths for
three series of alloys having approximately 10 wt. % Co,
approximately 8 wt. % Co, and approximately 5 wt. % Co
as compared to a substantially Co-free control sample,
according to embodiments of the invention;

FIG. 2C 1s a graph depicting elongation for three series of
alloys having approximately 10 wt. % Co, approximately 8
wt. % Co, and approximately 5 wt. % Co as compared to a
substantially Co-free control sample, according to embodi-
ments of the invention:

FIG. 3A 1s a graph depicting x-ray diffraction spectra of
four alloys according to embodiments of the mvention;

FIG. 3B 1s an optical micrograph of a first alloy according,
to an embodiment of the invention;

FIG. 3C 1s an optical micrograph of another alloy accord-
ing to an embodiment of the mmvention; and

FIG. 4 1s a graph depicting core loss for three alloys as
compared to HIPERCO® 27 and a substantially Co-free
control sample, according to an embodiment of the mmven-
tion.

DETAILED DESCRIPTION

Embodiments of the invention provide for magnetic iron
alloys including cobalt and manganese possessing high
magnetic saturation imduction, high resistivity, low coerci-
vity, as well as relatively good mechanical properties includ-
ing ductility and toughness. The alloy may be used 1n marine
and land applications requiring a combination of good
mechanical toughness, good ductility, high saturation induc-
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tion, and high electrical resistivity, such as motors, genera-
tors, rotors, stators, pole pieces, relays, magnetic bearings,
and the like. The high electrical resistivity of the alloys will
turther allow the alloys to be used in alternating current
applications as higher electrical resistivity reduces eddy-
current loss. Embodiments include both the alloys as well as
the process of producing the alloys.

As used 1n this document, an “alloy” refers to a homo-
geneous mixture or solid solution of two or more metals, the
atoms of one metal replacing or occupying interstitial and/or
substitutional positions between the atoms of the other
metals. The term alloy can refer to both a complete solid
solution alloy that can give a single solid phase microstruc-
ture and a partial solution that can give two or more phases.

As used 1n this document and in the claims, the terms
“comprising,” “having,” and “including” are inclusive or
open-ended and do not exclude additional unrecited ele-
ments, compositional components, or steps. Accordingly,
the terms “comprising,” “having,” and “including” encom-
pass the more restrictive terms “consisting essentially of”
and “consisting of.” Unless specified otherwise, all values
provided in this document include up to and including the
endpoints given, and the values of the constituents or
components of the compositions are expressed in weight
percent or % by weight of each ingredient in the composi-
tion.

Magnetic Iron Alloys Including Cobalt, Manganese, and
Silicon

Embodiments of the invention include magnetic iron
alloys having cobalt, silicon, and manganese. For example,
the magnetic wron alloy may include approximately 2 wt. %
to approximately 10 wt. % cobalt (Co), approximately 0.035
wt. % to approximately 5 wt. % manganese (Mn), and
approximately 0.05 wt. % to approximately 5% silicon (S1).
Co improves the magnetic saturation induction of the alloy,
but decreases certain mechanical properties and 1s relatively
expensive. Mn and Si1 are relatively mnexpensive elements
and scrap from processing the alloy can be used as recy-
clable material for many grades to reduce cost. Alloys
according to embodiments of the invention contain much
less Co than known alloys such as HIPERCO® 30 and
HIPERCO® 27 while still maintaining suitable magnetic,
clectrical, and mechanical properties.

The magnetic 1ron alloy may preferably include approxi-
mately 2 wt. % to approximately 8 wt. % Co, approximately
2 wt. % to approximately 5 wt. % Co, approximately 5 wt.
% to approximately 10 wt. % Co, approximately 5 wt. % to
approximately 8 wt. % Co, or approximately 8 wt. % to
approximately 10 wt. % Co. The magnetic iron alloy may
more preferably include approximately 5 wt. % Co, approxi-
mately 8 wt. % Co, or approximately 10 wt. % Co.

The magnetic iron alloy may preferably include approxi-
mately 0.05 wt. % to approximately 2.70 wt. % Mn, approxi-
mately 0.05 wt. % to approximately 2.20 wt. % Mn, approxi-
mately 0.05 wt. % to approximately 1 wt. % Mn,
approximately 1 wt. % to approximately 5 wt. % Mn,
approximately 1 wt. % to approximately 2.70 wt. % Mn,
approximately 1 wt. % to approximately 2.20 wt. % Mn,
approximately 2.20 wt. % to approximately 5 wt. % Mn,
approximately 2.20 wt. % to approximately 2.70 wt. % Mn,
or approximately 2.70 wt. % to approximately 5 wt. % Mn.
The magnetic 1ron alloy may more preferably include
approximately 1.0 wt. % Mn, approximately 2.2 wt. % Mn,
or approximately 2.7 wt. % Mn.

The magnetic iron alloy may preferably include approxi-
mately 0.05 wt. % to approximately 2.3 wt. % S1, approxi-
mately 0.05 wt. % to approximately 1.3 wt. % S1, approxi-
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mately 1.3 wt. % to approximately 5 wt. % S,
approximately 1.3 wt. % to approximately 2.3 wt. % Si1, or
approximately 2.3 wt. % to approximately 5 wt. % Si1. The
magnetic 1iron alloy may more preferably include approxi-
mately 1.3 wt. % S1 or approximately 2.3 wt. % Si.

A preferred magnetic iron alloy according to embodi-
ments of the invention includes approximately 10 wt. % Co,
approximately 2.7 wt. % Mn, and approximately 1.3 wt. %
S1. Another preferred magnetic 1mron alloy according to
embodiments of the invention includes approximately 8 wt.
% Co. approximately 2.2 wt. % Mn, and approximately 1.3
wt. % S1. Another preferred magnetic 1ron alloy according to
embodiments of the invention includes approximately 5 wt.
% Co, approximately 2.2 wt. % Mn, and approximately 1.3
wt. % S1. Another preferred magnetic 1iron alloy according to
embodiments of the invention includes approximately 5 wt.
% Co, approximately 1.0 wt. % Mn, and approximately 2.3
wt. % S1.

The magnetic wron alloy may include amounts of other
suitable alloying elements such as chromium, vanadium,
nickel, niobium, and carbon. In another exemplary embodi-
ment, the magnetic 1ron alloy may include up to approxi-
mately 3 wt. % chromium, up to approximately 2 wt. %
vanadium, up to approximately 1 wt. % mckel, up to
approximately 0.05 wt. % niobium, and up to approximately
0.02 wt. % carbon. In each of the embodiments described
above, the balance of the alloy (i.e., the percentage of the
alloy not made up of Co, Mn, S1, or other suitable alloying
clements) 1s 1ron (Fe).

The magnetic wron alloy may include amounts of other
suitable alloying elements such as sulfur (S), copper (Cu),
titantum (11), molybdenum (Mo), phosphorus (P), alumi-
num (Al), zirconium (Zr), gadolintum (Gd), cerium (Ce),
calcium (Ca), and combinations thereof.

In certain embodiments the magnetic 1ron alloy includes
sulfur 1n amounts: up to about 0.015 wt %, up to about 0.014
wt %, up to about 0.013 wt %, up to about 0.012 wt %, and
up to about 0.011 wt %, 0.01 wt %, up to about 0.009 wt %,
up to about 0.008 wt %, up to about 0.007 wt %, and up to
about 0.006 wt %, 0.005 wt %, up to about 0.004 wt %, up
to about 0.003 wt %, up to about 0.002 wt %, and up to about
0.001 wt %. The magnetic alloy may also include sulfur 1n
the range of: from 0.001 wt % to about 0.015 wt %, from
0.001 wt % to about 0.014 wt %, from 0.001 wt % to about
0.013 wt %, from 0.001 wt % to about 0.012 wt %, from
0.001 wt % to about 0.011 wt %, from 0.001 wt % to about
0.01 wt %, from 0.001 wt % to about 0.009 wt %, from 0.001
wt % to about 0.008 wt %, from 0.001 wt % to about 0.007
wt %, from 0.001 wt % to about 0.006 wt %, from 0.001 wt
% to about 0.005 wt %, from 0.001 wt % to about 0.004 wt
%, from 0.001 wt % to about 0.003 wt %, from 0.001 wt %
to about 0.002 wt %, from 0.002 wt % to about 0.015 wt %,
from 0.002 wt % to about 0.014 wt %, from 0.002 wt % to
about 0.013 wt %, from 0.002 wt % to about 0.012 wt %,
from 0.002 wt % to about 0.011 wt %, from 0.002 wt % to
about 0.01 wt %, from 0.002 wt % to about 0.009 wt %, from
0.002 wt % to about 0.008 wt %, from 0.002 wt % to about
0.007 wt %, from 0.002 wt % to about 0.006 wt %, from
0.002 wt % to about 0.005 wt %, from 0.002 wt % to about
0.004 wt %, from 0.002 wt % to about 0.003 wt %, from
0.003 wt % to about 0.015 wt %, from 0.003 wt % to about
0.014 wt %, from 0.003 wt % to about 0.013 wt %, from
0.003 wt % to about 0.012 wt %, from 0.003 wt % to about
0.011 wt %, from 0.003 wt % to about 0.01 wt %, from 0.003
wt % to about 0.009 wt %, from 0.003 wt % to about 0.008
wt %, from 0.003 wt % to about 0.007 wt %, from 0.003 wt
% to about 0.006 wt %, from 0.003 wt % to about 0.005 wt
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%, from 0.003 wt % to about 0.004 wt %, from 0.004 wt %
to about 0.015 wt %, from 0.004 wt % to about 0.014 wt %,
from 0.004 wt % to about 0.013 wt %, from 0.004 wt % to
about 0.012 wt %, from 0.004 wt % to about 0.011 wt %,
from 0.004 wt % to about 0.01 wt %, from 0.004 wt % to
about 0.009 wt %, from 0.004 wt % to about 0.008 wt %,
from 0.004 wt % to about 0.007 wt %, from 0.004 wt % to
about 0.006 wt %, from 0.004 wt % to about 0.005 wt %,
from 0.005 wt % to about 0.015 wt %, from 0.005 wt % to
about 0.014 wt %, from 0.005 wt % to about 0.013 wt %,
from 0.005 wt % to about 0.012 wt %, from 0.005 wt % to
about 0.011 wt %, from 0.005 wt % to about 0.01 wt %, from
0.005 wt % to about 0.009 wt %, from 0.005 wt % to about
0.008 wt %, from 0.005 wt % to about 0.007 wt %, from
0.005 wt % to about 0.006 wt %, from 0.006 wt % to about
0.015 wt %, from 0.006 wt % to about 0.014 wt %, from
0.006 wt % to about 0.013 wt %, from 0.006 wt % to about
0.012 wt %, from 0.006 wt % to about 0.011 wt %, from
0.006 wt % to about 0.01 wt %, from 0.006 wt % to about
0.009 wt %, from 0.006 wt % to about 0.008 wt %, from
0.006 wt % to about 0.007 wt %, from 0.007 wt % to about
0.015 wt %, from 0.007 wt % to about 0.014 wt %, from
0.007 wt % to about 0.013 wt %, from 0.007 wt % to about
0.012 wt %, from 0.007 wt % to about 0.011 wt %, from
0.007 wt % to about 0.01 wt %, from 0.007 wt % to about
0.009 wt %, from 0.007 wt % to about 0.008 wt %, from
0.008 wt % to about 0.015 wt %, from 0.008 wt % to about
0.014 wt %, from 0.008 wt % to about 0.013 wt %, from
0.008 wt % to about 0.012 wt %, from 0.008 wt % to about
0.011 wt %, from 0.008 wt % to about 0.01 wt %, from 0.008
wt % to about 0.009 wt %, from 0.009 wt % to about 0.015
wt %, from 0.009 wt % to about 0.014 wt %, from 0.009 wt
% to about 0.013 wt %, from 0.009 wt % to about 0.012 wt
%, from 0.009 wt % to about 0.011 wt %, from 0.009 wt %
to about 0.01 wt %, from 0.01 wt % to about 0.015 wt %,
from 0.01 wt % to about 0.014 wt %, from 0.01 wt % to
about 0.013 wt %, from 0.01 wt % to about 0.012 wt %, from
0.01 wt % to about 0.011 wt %, from 0.011 wt % to about
0.015 wt %, from 0.011 wt % to about 0.014 wt %, from
0.011 wt % to about 0.013 wt %, from 0.011 wt % to about
0.012 wt %, from 0.012 wt % to about 0.015 wt %, from
0.012 wt % to about 0.014 wt %, from 0.012 wt % to about
0.013 wt %, from 0.013 wt % to about 0.015 wt %, from
0.013 wt % to about 0.014 wt %, and from 0.014 wt % to
about 0.015 wt %.

In certain embodiments the magnetic 1ron alloy includes
copper 1n amounts: up to about 0.05 wt %, up to about 0.04
wt %, up to about 0.03 wt %, up to about 0.02 wt %, and up
to about 0.01 wt %. The magnetic alloy may also include
copper 1n the range of: from 0.001 wt % to about 0.05 wt %,
from 0.001 wt % to about 0.04 wt %, from 0.001 wt % to
about 0.03 wt %, from 0.001 wt % to about 0.02 wt %, from
0.001 wt % to about 0.01 wt %, from about 0.005 wt % to
about 0.05 wt %, from about 0.005 wt % to about 0.04 wt
%, from about 0.005 wt % to about 0.03 wt %, from about
0.005 wt % to about 0.02 wt %, from about 0.005 wt % to
about 0.01 wt %, from about 0.01 wt % to about 0.05 wt %,
from about 0.01 wt % to about 0.04 wt %, from about 0.01
wt % to about 0.03 wt %, from about 0.01 wt % to about 0.02
wt %, from about 0.015 wt % to about 0.05 wt %, from about
0.015 wt % to about 0.04 wt %, from about 0.015 wt % to
about 0.03 wt %, from about 0.015 wt % to about 0.02 wt
%, from about 0.02 wt % to about 0.05 wt %, from about
0.02 wt % to about 0.04 wt %, from about 0.02 wt % to about
0.03 wt %, from about 0.025 wt % to about 0.05 wt %, from
about 0.025 wt % to about 0.04 wt %, from about 0.025 wt
% to about 0.03 wt %, from about 0.03 wt % to about 0.05
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wt %, from about 0.03 wt % to about 0.04 wt %, from about
0.035 wt % to about 0.05 wt %, from about 0.035 wt % to
about 0.04 wt %, from about 0.04 wt % to about 0.05 wt %,
and from about 0.045 wt % to about 0.05 wt %.

In certain embodiments the magnetic 1ron alloy includes
titanium 1n amounts: up to about 0.05 wt %, up to about 0.04
wt %, up to about 0.03 wt %, up to about 0.02 wt %, and up
to about 0.01 wt %. The magnetic alloy may also include
titanium 1n the range of: from 0.001 wt % to about 0.05 wt
%, from 0.001 wt % to about 0.04 wt %, from 0.001 wt %
to about 0.03 wt %, from 0.001 wt % to about 0.02 wt %,
from 0.001 wt % to about 0.01 wt %, from about 0.005 wt
% to about 0.05 wt %, from about 0.005 wt % to about 0.04
wit %, from about 0.005 wt % to about 0.03 wt %, from about
0.005 wt % to about 0.02 wt %, from about 0.005 wt % to
about 0.01 wt %, from about 0.01 wt % to about 0.05 wt %,
from about 0.01 wt % to about 0.04 wt %, from about 0.01
wt % to about 0.03 wt %, from about 0.01 wt % to about 0.02
wt %, from about 0.015 wt % to about 0.05 wt %, from about
0.015 wt % to about 0.04 wt %, from about 0.015 wt % to
about 0.03 wt %, from about 0.015 wt % to about 0.02 wt
%, from about 0.02 wt % to about 0.05 wt %, from about
0.02 wt % to about 0.04 wt %, from about 0.02 wt % to about
0.03 wt %, from about 0.025 wt % to about 0.05 wt %, from
about 0.025 wt % to about 0.04 wt %, from about 0.025 wt
% to about 0.03 wt %, from about 0.03 wt % to about 0.05
wt %, from about 0.03 wt % to about 0.04 wt %, from about
0.035 wt % to about 0.05 wt %, from about 0.035 wt % to
about 0.04 wt %, from about 0.04 wt % to about 0.05 wt %,
and from about 0.045 wt % to about 0.05 wt %.

In certain embodiments the magnetic 1ron alloy includes
molybdenum in amounts: up to about 0.05 wt %, up to about
0.04 wt %, up to about 0.03 wt %, up to about 0.02 wt %,
and up to about 0.01 wt %. The magnetic alloy may also
include molybdenum 1n the range of: from 0.001 wt % to

about 0.05 wt %, from 0.001 wt % to about 0.04 wt %, from
0.001 wt % to about 0.03 wt %, from 0.001 wt % to about
0.02 wt %, from 0.001 wt % to about 0.01 wt %, from about
0.005 wt % to about 0.05 wt %, from about 0.005 wt % to
about 0.04 wt %, from about 0.005 wt % to about 0.03 wt
%, from about 0.005 wt % to about 0.02 wt %, from about
0.005 wt % to about 0.01 wt %, from about 0.01 wt % to
about 0.05 wt %, from about 0.01 wt % to about 0.04 wt %,
from about 0.01 wt % to about 0.03 wt %, from about 0.01
wt % to about 0.02 wt %, from about 0.015 wt % to about
0.05 wt %, from about 0.015 wt % to about 0.04 wt %, from
about 0.015 wt % to about 0.03 wt %, from about 0.015 wt
% to about 0.02 wt %, from about 0.02 wt % to about 0.05
wt %, from about 0.02 wt % to about 0.04 wt %, from about
0.02 wt % to about 0.03 wt %, from about 0.025 wt % to
about 0.05 wt %, from about 0.025 wt % to about 0.04 wt
%, from about 0.025 wt % to about 0.03 wt %, from about
0.03 wt % to about 0.05 wt %, from about 0.03 wt % to about
0.04 wt %, from about 0.035 wt % to about 0.05 wt %, from
about 0.035 wt % to about 0.04 wt %, from about 0.04 wt
% to about 0.05 wt %, and from about 0.045 wt % to about
0.05 wt %.

In certain embodiments the magnetic iron alloy includes
phosphorus 1n amounts: up to about 0.05 wt %, up to about
0.04 wt %, up to about 0.03 wt %, up to about 0.02 wt %,
and up to about 0.01 wt %. The magnetic alloy may also

include phosphorus in the range of: from 0.001 wt % to
about 0.05 wt %, from 0.001 wt % to about 0.04 wt %, from

0.001 wt % to about 0.03 wt %, from 0.001 wt % to about
0.02 wt %, from 0.001 wt % to about 0.01 wt %, from about
0.005 wt % to about 0.05 wt %, from about 0.005 wt % to
about 0.04 wt %, from about 0.005 wt % to about 0.03 wt
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%, from about 0.005 wt % to about 0.02 wt %, from about
0.005 wt % to about 0.01 wt %, from about 0.01 wt % to
about 0.05 wt %, from about 0.01 wt % to about 0.04 wt %,
from about 0.01 wt % to about 0.03 wt %, from about 0.01
wt % to about 0.02 wt %, from about 0.015 wt % to about
0.05 wt %, from about 0.015 wt % to about 0.04 wt %, from
about 0.015 wt % to about 0.03 wt %, from about 0.015 wt
% to about 0.02 wt %, from about 0.02 wt % to about 0.05
wt %, from about 0.02 wt % to about 0.04 wt %, from about
0.02 wt % to about 0.03 wt %, from about 0.025 wt % to
about 0.05 wt %, from about 0.025 wt % to about 0.04 wt
%, from about 0.025 wt % to about 0.03 wt %, from about
0.03 wt % to about 0.05 wt %, from about 0.03 wt % to about
0.04 wt %, from about 0.035 wt % to about 0.05 wt %, from
about 0.035 wt % to about 0.04 wt %, from about 0.04 wt
% to about 0.05 wt %, and from about 0.045 wt % to about
0.05 wt %.

In certain embodiments the magnetic 1ron alloy includes
aluminum 1n amounts: up to about 0.15 wt %, up to about
0.14 wt %, up to about 0.13 wt %, up to about 0.12 wt %,
up to about 0.11 wt %, up to about 0.1 wt %, up to about 0.09
wt %, up to about 0.08 wt %, up to about 0.07 wt %, up to
about 0.06 wt %, up to about 0.05 wt %, up to about 0.04 wt
%, up to about 0.03 wt %, up to about 0.02 wt %, and up to
about 0.01 wt %. The magnetic alloy may also include
aluminum 1n the range of: from 0.001 wt % to about 0.15 wt
%, from 0.001 wt % to about 0.14 wt %, from 0.001 wt %
to about 0.13 wt %, from 0.001 wt % to about 0.12 wt %,
from 0.001 wt % to about 0.11 wt %, from 0.001 wt % to
about 0.1 wt %, from 0.001 wt % to about 0.09 wt %, from
0.001 wt % to about 0.08 wt %, from 0.001 wt % to about
0.07 wt %, from 0.001 wt % to about 0.06 wt %, from 0.001
wt % to about 0.05 wt %, from 0.001 wt % to about 0.04 wt
%, from 0.001 wt % to about 0.03 wt %, from 0.001 wt %
to about 0.02 wt %, from 0.001 wt % to about 0.01 wt %,
from about 0.01 wt % to about 0.15 wt %, from about 0.01
wt % to about 0.14 wt %, from about 0.01 wt % to about 0.13
wt %, from about 0.01 wt % to about 0.12 wt %, from about
0.01 wt % to about 0.11 wt %, from about 0.01 wt % to about
0.1 wt %, from about 0.01 wt % to about 0.09 wt %, {from
about 0.01 wt % to about 0.08 wt %, from about 0.01 wt %
to about 0.07 wt %, from about 0.01 wt % to about 0.06 wt
%, from about 0.01 wt % to about 0.05 wt %, from about
0.01 wt % to about 0.04 wt %, from about 0.01 wt % to about
0.03 wt %, from about 0.01 wt % to about 0.02 wt %, from
about 0.02 wt % to about 0.15 wt %, from about 0.02 wt %
to about 0.14 wt %, from about 0.02 wt % to about 0.13 wt
%, from about 0.02 wt % to about 0.12 wt %, from about
0.02 wt % to about 0.11 wt %, from about 0.02 wt % to about
0.1 wt %, from about 0.02 wt % to about 0.09 wt %, from
about 0.02 wt % to about 0.08 wt %, from about 0.02 wt %
to about 0.07 wt %, from about 0.02 wt % to about 0.06 wt
%, from about 0.02 wt % to about 0.05 wt %, from about
0.02 wt % to about 0.04 wt %, from about 0.02 wt % to about
0.03 wt %, from about 0.03 wt % to about 0.15 wt %, from
about 0.03 wt % to about 0.14 wt %, from about 0.03 wt %
to about 0.13 wt %, from about 0.03 wt % to about 0.12 wt
%, from about 0.03 wt % to about 0.11 wt %, from about
0.03 wt % to about 0.1 wt %, from about 0.03 wt % to about
0.09 wt %, from about 0.03 wt % to about 0.08 wt %, from
about 0.03 wt % to about 0.07 wt %, from about 0.03 wt %
to about 0.06 wt %, from about 0.03 wt % to about 0.05 wt
%, from about 0.03 wt % to about 0.04 wt %, from about
0.04 wt % to about 0.15 wt %, from about 0.04 wt % to about
0.14 wt %, from about 0.04 wt % to about 0.13 wt %, from
about 0.04 wt % to about 0.12 wt %, from about 0.04 wt %
to about 0.11 wt %, from about 0.04 wt % to about 0.1 wt
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%, from about 0.04 wt % to about 0.09 wt %, from about
0.04 wt % to about 0.08 wt %, from about 0.04 wt % to about
0.07 wt %, from about 0.04 wt % to about 0.06 wt %, from
about 0.04 wt % to about 0.05 wt % from about 0.05 wt %
to about 0.15 wt %, from about 0.05 wt % to about 0.14 wt
%, from about 0.05 wt % to about 0.13 wt %, from about
0.05 wt % to about 0.12 wt %, from about 0.05 wt % to about
0.11 wt %, from about 0.05 wt % to about 0.1 wt %, from
about 0.05 wt % to about 0.09 wt %, from about 0.05 wt %
to about 0.08 wt %, from about 0.05 wt % to about 0.07 wt
%, from about 0.05 wt % to about 0.06 wt % from about 0.06
wit % to about 0.15 wt %, from about 0.06 wt % to about 0.14
wt %, from about 0.06 wt % to about 0.13 wt %, from about
0.06 wt % to about 0.12 wt %, from about 0.06 wt % to about
0.11 wt %, from about 0.06 wt % to about 0.1 wt %, from
about 0.06 wt % to about 0.09 wt %, from about 0.06 wt %
to about 0.08 wt %, from about 0.06 wt % to about 0.07 wt
%, from about 0.07 wt % to about 0.15 wt %, from about
0.07 wt % to about 0.14 wt %, from about 0.07 wt % to about
0.13 wt %, from about 0.07 wt % to about 0.12 wt %, from
about 0.07 wt % to about 0.11 wt %, from about 0.07 wt %
to about 0.1 wt %, from about 0.07 wt % to about 0.09 wt
%, from about 0.07 wt % to about 0.08 wt % from about 0.08
wt % to about 0.15 wt %, from about 0.08 wt % to about 0.14
wt %, from about 0.08 wt % to about 0.13 wt %, from about
0.08 wt % to about 0.12 wt %, from about 0.08 wt % to about
0.11 wt %, from about 0.08 wt % to about 0.1 wt %, from
about 0.08 wt % to about 0.09 wt %, from about 0.09 wt %
to about 0.15 wt %, from about 0.09 wt % to about 0.14 wt
%, from about 0.09 wt % to about 0.13 wt %, from about
0.09 wt % to about 0.12 wt %, from about 0.09 wt % to about
0.11 wt %, from about 0.09 wt % to about 0.1 wt %, from
about 0.1 wt % to about 0.15 wt %, from about 0.1 wt % to
about 0.14 wt %, from about 0.1 wt % to about 0.13 wt %,
from about 0.1 wt % to about 0.12 wt %, from about 0.1 wt
% to about 0.11 wt %, from about 0.11 wt % to about 0.15
wt %, from about 0.11 wt % to about 0.14 wt %, from about
0.11 wt % to about 0.13 wt %, from about 0.11 wt % to about
0.12 wt %, from about 0.12 wt % to about 0.15 wt %, from
about 0.12 wt % to about 0.14 wt %, from about 0.12 wt %
to about 0.13 wt %, from about 0.13 wt % to about 0.15 wt
%, from about 0.13 wt % to about 0.14 wt %, and from about
0.14 wt % to about 0.15 wt %.

In certain embodiments the magnetic iron alloy includes
Zirconium 1n amounts: up to about 0.1 wt %, up to about 0.09
wt %, up to about 0.08 wt %, up to about 0.07 wt %, up to
about 0.06 wt %, up to about 0.05 wt %, up to about 0.04 wt
%, up to about 0.03 wt %, up to about 0.02 wt %, and up to
about 0.01 wt %. The magnetic alloy may also include
zirconium 1n the range of: from 0.001 wt % to about 0.1 wt
%, from 0.001 wt % to about 0.09 wt %, from 0.001 wt %
to about 0.08 wt %, from 0.001 wt % to about 0.07 wt %,
from 0.001 wt % to about 0.06 wt %, from 0.001 wt % to
about 0.05 wt %, from 0.001 wt % to about 0.04 wt %, from
0.001 wt % to about 0.03 wt %, from 0.001 wt % to about
0.02 wt %, from 0.001 wt % to about 0.01 wt %, from about
0.01 wt % to about 0.1 wt %, from about 0.01 wt % to about
0.09 wt %, from about 0.01 wt % to about 0.08 wt %, from
about 0.01 wt % to about 0.07 wt %, from about 0.01 wt %
to about 0.06 wt %, from about 0.01 wt % to about 0.05 wt
%, from about 0.01 wt % to about 0.04 wt %, from about
0.01 wt % to about 0.03 wt %, from about 0.01 wt % to about
0.02 wt %, from about 0.02 wt % to about 0.1 wt %, from
about 0.02 wt % to about 0.09 wt %, from about 0.02 wt %
to about 0.08 wt %, from about 0.02 wt % to about 0.07 wt
%, from about 0.02 wt % to about 0.06 wt %, from about
0.02 wt % to about 0.05 wt %, from about 0.02 wt % to about
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0.04 wt %, from about 0.02 wt % to about 0.03 wt %, from
about 0.03 wt % to about 0.1 wt %, from about 0.03 wt %
to about 0.09 wt %, from about 0.03 wt % to about 0.08 wt
%, from about 0.03 wt % to about 0.07 wt %, from about
0.03 wt % to about 0.06 wt %, from about 0.03 wt % to about
0.05 wt %, from about 0.03 wt % to about 0.04 wt %, from
about 0.04 wt % to about 0.1 wt %, from about 0.04 wt %
to about 0.09 wt %, from about 0.04 wt % to about 0.08 wt
%, from about 0.04 wt % to about 0.07 wt %, from about
0.04 wt % to about 0.06 wt %, from about 0.04 wt % to about
0.05 wt %, from about 0.05 wt % to about 0.1 wt %, from
about 0.05 wt % to about 0.09 wt %, from about 0.05 wt %
to about 0.08 wt %, from about 0.05 wt % to about 0.07 wt
%, from about 0.05 wt % to about 0.06 wt %, from about
0.06 wt % to about 0.1 wt %, from about 0.06 wt % to about
0.09 wt %, from about 0.06 wt % to about 0.08 wt %, from
about 0.06 wt % to about 0.07 wt %, from about 0.07 wt %
to about 0.1 wt %, from about 0.07 wt % to about 0.09 wt
%, from about 0.07 wt % to about 0.08 wt %, from about
0.08 wt % to about 0.1 wt %, from about 0.08 wt % to about
0.09 wt %, and from about 0.09 wt % to about 0.1 wt %.
In certain embodiments the magnetic 1ron alloy includes
gadolinium 1n amounts: up to about 0.15 wt %, up to about
0.14 wt %, up to about 0.13 wt %, up to about 0.12 wt %,
up to about 0.11 wt %, up to about 0.1 wt %, up to about 0.09
wt %, up to about 0.08 wt %, up to about 0.07 wt %, up to
about 0.06 wt %, up to about 0.05 wt %, up to about 0.04 wt
%, up to about 0.03 wt %, up to about 0.02 wt %, and up to
about 0.01 wt %. The magnetic alloy may also include
gadolinium 1n the range of: from 0.001 wt % to about 0.15

wt %, from 0.001 wt % to about 0.14 wt %, from 0.001 wt
% to about 0.13 wt %, from 0.001 wt % to about 0.12 wt %,
from 0.001 wt % to about 0.11 wt %, from 0.001 wt % to
about 0.1 wt %, from 0.001 wt % to about 0.09 wt %, from
0.001 wt % to about 0.08 wt %, from 0.001 wt % to about
0.07 wt %, from 0.001 wt % to about 0.06 wt %, from 0.001
wt % to about 0.05 wt %, from 0.001 wt % to about 0.04 wt
%, from 0.001 wt % to about 0.03 wt %, from 0.001 wt %
to about 0.02 wt %, from 0.001 wt % to about 0.01 wt %,
from about 0.01 wt % to about 0.15 wt %, from about 0.01
wit % to about 0.14 wt %, from about 0.01 wt % to about 0.13
wt %, from about 0.01 wt % to about 0.12 wt %, from about
0.01 wt % to about 0.11 wt %, from about 0.01 wt % to about
0.1 wt %, from about 0.01 wt % to about 0.09 wt %, {from
about 0.01 wt % to about 0.08 wt %, from about 0.01 wt %
to about 0.07 wt %, from about 0.01 wt % to about 0.06 wt
%, from about 0.01 wt % to about 0.05 wt %, from about
0.01 wt % to about 0.04 wt %, from about 0.01 wt % to about
0.03 wt %, from about 0.01 wt % to about 0.02 wt %, from
about 0.02 wt % to about 0.15 wt %, from about 0.02 wt %
to about 0.14 wt %, from about 0.02 wt % to about 0.13 wt
%, from about 0.02 wt % to about 0.12 wt %, from about
0.02 wt % to about 0.11 wt %, from about 0.02 wt % to about
0.1 wt %, from about 0.02 wt % to about 0.09 wt %, {from
about 0.02 wt % to about 0.08 wt %, from about 0.02 wt %
to about 0.07 wt %, from about 0.02 wt % to about 0.06 wt
%, from about 0.02 wt % to about 0.05 wt %, from about
0.02 wt % to about 0.04 wt %, from about 0.02 wt % to about
0.03 wt %, from about 0.03 wt % to about 0.15 wt %, from
about 0.03 wt % to about 0.14 wt %, from about 0.03 wt %
to about 0.13 wt %, from about 0.03 wt % to about 0.12 wt
%, from about 0.03 wt % to about 0.11 wt %, from about
0.03 wt % to about 0.1 wt %, from about 0.03 wt % to about
0.09 wt %, from about 0.03 wt % to about 0.08 wt %, from
about 0.03 wt % to about 0.07 wt %, from about 0.03 wt %
to about 0.06 wt %, from about 0.03 wt % to about 0.05 wt
%, from about 0.03 wt % to about 0.04 wt %, from about
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0.04 wt % to about 0.15 wt %, from about 0.04 wt % to about
0.14 wt %, from about 0.04 wt % to about 0.13 wt %, from
about 0.04 wt % to about 0.12 wt %, from about 0.04 wt %
to about 0.11 wt %, from about 0.04 wt % to about 0.1 wt
%, from about 0.04 wt % to about 0.09 wt %, from about
0.04 wt % to about 0.08 wt %, from about 0.04 wt % to about
0.07 wt %, from about 0.04 wt % to about 0.06 wt %, from
about 0.04 wt % to about 0.05 wt % from about 0.05 wt %
to about 0.15 wt %, from about 0.05 wt % to about 0.14 wt
%, from about 0.05 wt % to about 0.13 wt %, from about
0.05 wt % to about 0.12 wt %, from about 0.05 wt % to about
0.11 wt %, from about 0.05 wt % to about 0.1 wt %, from
about 0.05 wt % to about 0.09 wt %, from about 0.05 wt %
to about 0.08 wt %, from about 0.05 wt % to about 0.07 wt
%, from about 0.05 wt % to about 0.06 wt % from about 0.06
wt % to about 0.15 wt %, from about 0.06 wt % to about 0.14
wt %, from about 0.06 wt % to about 0.13 wt %, from about
0.06 wt % to about 0.12 wt %, from about 0.06 wt % to about
0.11 wt %, from about 0.06 wt % to about 0.1 wt %, from
about 0.06 wt % to about 0.09 wt %, from about 0.06 wt %
to about 0.08 wt %, from about 0.06 wt % to about 0.07 wt
%, from about 0.07 wt % to about 0.15 wt %, from about
0.07 wt % to about 0.14 wt %, from about 0.07 wt % to about
0.13 wt %, from about 0.07 wt % to about 0.12 wt %, from
about 0.07 wt % to about 0.11 wt %, from about 0.07 wt %
to about 0.1 wt %, from about 0.07 wt % to about 0.09 wt
%, from about 0.07 wt % to about 0.08 wt % from about 0.08
wit % to about 0.15 wt %, from about 0.08 wt % to about 0.14
wt %, from about 0.08 wt % to about 0.13 wt %, from about
0.08 wt % to about 0.12 wt %, from about 0.08 wt % to about
0.11 wt %, from about 0.08 wt % to about 0.1 wt %, from
about 0.08 wt % to about 0.09 wt %, from about 0.09 wt %
to about 0.15 wt %, from about 0.09 wt % to about 0.14 wt
%, from about 0.09 wt % to about 0.13 wt %, from about
0.09 wt % to about 0.12 wt %, from about 0.09 wt % to about
0.11 wt %, from about 0.09 wt % to about 0.1 wt %, from
about 0.1 wt % to about 0.15 wt %, from about 0.1 wt % to
about 0.14 wt %, from about 0.1 wt % to about 0.13 wt %,
from about 0.1 wt % to about 0.12 wt %, from about 0.1 wt
% to about 0.11 wt %, from about 0.11 wt % to about 0.15
wt %, from about 0.11 wt % to about 0.14 wt %, from about
0.11 wt % to about 0.13 wt %, from about 0.11 wt % to about
0.12 wt %, from about 0.12 wt % to about 0.15 wt %, from
about 0.12 wt % to about 0.14 wt %, from about 0.12 wt %
to about 0.13 wt %, from about 0.13 wt % to about 0.15 wt
%, from about 0.13 wt % to about 0.14 wt %, and from about
0.14 wt % to about 0.15 wt %.

In certain embodiments the magnetic 1ron alloy includes
certum 1n amounts: up to about 0.05 wt %, up to about 0.04
wt %, up to about 0.03 wt %, up to about 0.02 wt %, up to
about 0.01 wt %. The magnetic alloy may also include
certum 1n the range of: from 0.001 wt % to about 0.05 wt %,
from 0.001 wt % to about 0.04 wt %, from 0.001 wt % to
about 0.03 wt %, from 0.001 wt % to about 0.02 wt %, from
0.001 wt % to about 0.01 wt %, from about 0.005 wt % to
about 0.05 wt %, from about 0.005 wt % to about 0.04 wt
%, from about 0.005 wt % to about 0.03 wt %, from about
0.005 wt % to about 0.02 wt %, from about 0.005 wt % to
about 0.01 wt %, from about 0.01 wt % to about 0.05 wt %,
from about 0.01 wt % to about 0.04 wt %, from about 0.01
wt % to about 0.03 wt %, from about 0.01 wt % to about 0.02
wt %, from about 0.015 wt % to about 0.05 wt %, from about
0.015 wt % to about 0.04 wt %, from about 0.015 wt % to
about 0.03 wt %, from about 0.015 wt % to about 0.02 wt
%, from about 0.02 wt % to about 0.05 wt %, from about
0.02 wt % to about 0.04 wt %, from about 0.02 wt % to about
0.03 wt %, from about 0.025 wt % to about 0.05 wt %, from
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about 0.025 wt % to about 0.04 wt %, from about 0.025 wt
% to about 0.03 wt %, from about 0.03 wt % to about 0.05
wt %, from about 0.03 wt % to about 0.04 wt %, from about
0.035 wt % to about 0.05 wt %, from about 0.035 wt % to
about 0.04 wt %, from about 0.04 wt % to about 0.05 wt %,
and from about 0.045 wt % to about 0.05 wt %.

In certain embodiments the magnetic 1ron alloy includes
calcium 1n amounts: up to about 0.05 wt %, up to about 0.04
wt %, up to about 0.03 wt %, up to about 0.02 wt %, up to

about 0.01 wt %. The magnetic alloy may also include

calcium 1n the range of: from 0.001 wt % to about 0.05 wt
%, from 0.001 wt % to about 0.04 wt %, from 0.001 wt %

to about 0.03 wt %, from 0.001 wt % to about 0.02 wt %,
from 0.001 wt % to about 0.01 wt %, from about 0.005 wt
% to about 0.05 wt %, from about 0.005 wt % to about 0.04
wt %, from about 0.005 wt % to about 0.03 wt %, from about
0.005 wt % to about 0.02 wt %, from about 0.005 wt % to
about 0.01 wt %, from about 0.01 wt % to about 0.05 wt %,
from about 0.01 wt % to about 0.04 wt %, from about 0.01
wt % to about 0.03 wt %, from about 0.01 wt % to about 0.02
wit %, from about 0.015 wt % to about 0.05 wt %, from about
0.015 wt % to about 0.04 wt %, from about 0.015 wt % to
about 0.03 wt %, from about 0.015 wt % to about 0.02 wt
%, from about 0.02 wt % to about 0.05 wt %, from about
0.02 wt % to about 0.04 wt %, from about 0.02 wt % to about
0.03 wt %, from about 0.025 wt % to about 0.05 wt %, from
about 0.025 wt % to about 0.04 wt %, from about 0.025 wt
% to about 0.03 wt %, from about 0.03 wt % to about 0.05
wt %, from about 0.03 wt % to about 0.04 wt %, from about
0.035 wt % to about 0.05 wt %, from about 0.035 wt % to
about 0.04 wt %, from about 0.04 wt % to about 0.05 wt %,
and from about 0.045 wt % to about 0.05 wt %.

The alloy may also include other minimal impurities that
do not atfect the magnetic, electrical, and mechanical prop-
erties of the alloy

The magnetic ron alloy including the alloying elements
described above can provide for a single alpha (@), ferrite
body-centered cubic phase alloy. In an exemplary embodi-
ment, the magnetic wron alloy 1s primarily or substantially
a-phase (e.g., >95%). Preferably, the magnetic 1ron alloy
comprises predominately a phase (e.g., >99%), with little or
no secondary phases present. a-phase alloys may provide
the advantage of mimimum core loss and relatively high
ductility. In addition, magnetic iron alloys according to
embodiments of the invention are designed to provide
superior electrical resistivity and magnetic properties.

The magnetic iron alloys according to embodiments of the
invention preferably possess a high magnetic saturation
induction (B,), or flux density, of at least approximately 20
kilogauss (kG); a low coercivity (H ) of less than approxi-
mately 2 oersteds (Oe), and a high electrical resistivity (p)
of at least 40 uf2cm. Saturation 1s the state reached when an
increase 1n applied external magnetic field (H) cannot
increase the magnetization of the material further, so the
total magnetic flux density (B) more or less levels off.
Saturation 1s a characteristic of ferromagnetic materials. The
coercivity of a material 1s the intensity of the applied
magnetic field required to reduce the magnetization of that
material to zero aiter the magnetization of the sample has
been driven to saturation. Thus, coercivity measures the
resistance ol a ferromagnetic material to becoming demag-
netized. Coercivity can be measured using a B-H analyzer or
magnetometer or coercimeter. Electrical resistivity 1s an
intrinsic property that quantifies how strongly a given mate-
rial opposes the tflow of electric current. A low resistivity
indicates a material that readily allows the movement of
clectric charge.

As can be seen from the working examples provided
below, for the family of alloys having the concentrations of
Co, Mn, and Si1 described above, B_ 1s increased by an
increase in Co concentration but decreased by an increase 1n

10

15

20

25

30

35

40

45

50

55

60

65

12

Mn and S1 concentrations; H _ 1s increased by increases in Co
and Mn concentration but decreased by an increase i Si
concentration; and p 1s increased by an increase 1n concen-
tration of any of S1, Co, and Mn. Accordingly, the magnetic
iron alloys according to embodiments of the invention may
be advantageously tuned to a broad range of desired mag-
netic properties while maintaining low levels of Co, thereby
reducing the cost of the alloy.

Process of Producing the Alloys

Embodiments of the imnvention further include processes
for producing the magnetic 1wron alloy including cobalt,
manganese, and silicon described above.

The alloy may be prepared, worked, and formed into
products using conventional techniques. For example, the
alloying elements can be melted 1n air or a suitable atmo-
sphere, using an electric are furnace and vacuum melting
techniques such as vacuum induction melting (VIM),
vacuum arc remelting (VAR), electroslag remelting (ESR),
or the like. When desired, higher purity or better grain
structure can be obtained by refining the alloy, for example,
by ESR or VAR.

The alloy may be cast imto 1ingot form which 1s then hot
worked into billet, bar, slab, or the like. The furnace tem-
perature may range from approximately 1,000° F. (338° C.)
to approximately 2,150° F. (1,177° C.), for example. The
forms may be machined into useful parts and components,
such as disks, journals, and shafts for magnetic bearings.
Alternatively, the alloy may be further hot rolled to a wire,
a rod, or a strip of a desired thickness. The wire, rod, or strip
may also be cold worked to smaller cross-sectional dimen-
s1ons from which 1t can be machined into finished parts. The
alloy can also be made using powder metallurgy techniques.

In order to continue to fine tune the properties of the alloy,
the process may further include a heat treatment 1n order to
optimize the saturation induction, electrical resistivity, and
mechanical values. The alloy may be heat treated 1n a single
step or multiple step heat treatment cycle. In a single step
heat treatment, the alloy may be heated to a first temperature
and then cooled at a given rate to a desired temperature. In
a multiple step heat treatment, the alloy may be heated to a
first temperature, cooled to a given temperature, heated to a
second temperature, and cooled to a given temperature. At
any heating or cooling step, the temperature may be held for
a given duration. This multiple step heat treatment may be
repeated as many times as necessary to achieve the desired
outcome and properties (1.e., magnetic, electrical, and
mechanical) necessary for the application.

The heat treatment temperature, conditions, and duration
may depend on the application and properties desired for the
alloy. For example, the alloy or parts may be annealed at a
temperature of approximately 1,300° F. (704° C.) to
approximately 1,652° F. (900° C.) for approximately 2 hours
to approximately 4 hours in a dry hydrogen or vacuum. The
alloy may then be cooled at approximately 144° F. (62° C.)
to approximately 540° F. (282° C.) per hour until a tem-
perature of approximately 572° F. (300° C.) to approxi-
mately 600° F. (316° C.) 1s reached, and then cooled at any
suitable rate. With increasing temperatures, the magnetic
properties may improve while the yield strength and tensile
strength decrease. It may be preferable that the temperature
does not exceed approximately 1,652° F. (900° C.) because
the soft magnetic characteristics may start to decline due to
the formation of an austenitic phase. The magnetic proper-
ties may also be improved by creating a thin oxide layer on
the surface of the alloy. The surface oxide layer may be

achieved by heating 1n an oxygen-contaiming atmosphere,

for example, at a temperature 1n the range of approximately
600° F. (316° C.) to approximately 900° F. (482° C.) for a
time of approximately 30 to approximately 60 minutes.
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Examples
The following examples are included to more clearly

demonstrate the overall nature of the invention. These
examples are exemplary, not restrictive, of the invention.

A number of samples were prepared including varying
levels of Co, Mn, and S1 by casting 1n a VIM furnace to form
35 1b. (16 kg) ingots, which were subsequently hot-forged
into 2 inch (5 cm) square bars. The chemical composition of
cach sample 1s presented in Table 1. Each of the values 1n
Table 1 are 1n weight percent. For each sample, the balance
of the alloy 1s substantially Fe. The samples were grouped
into three series of varying Co concentrations: a {irst series
having approximately 10 wt. % Co (samples 1-3), a second
series having approximately 8 wt. % Co (samples 4-8), and
a third series having approximately 5 wt. % Co (samples
9-13). Sample 14 was prepared including substantially no
cobalt as a control and corresponds approximately to Silicon
Core Iron from Carpenter.

TABLE 1
Sample Co Mn S1 Cr C P S
1 10.00 271 0.25 0.09 <0.001 <0.005 0.0012
2 10.00  2.73 0.75 0.09 <0.001 <0.005 0.0013
3 9.98  2.73 1.23 0.09 <0.001 <0.005 0.0011
4 8.00  2.70 0.26 0.29 <0.001 <0.005 0.0012
5 8.00 2.21 0.26 0.29 <0.001 <0.005 0.0012
6 7.97 222 0.74 0.29 <0.002 <0.005 0.0012
7 7.99 222 1.25 0.29 <0.001 <0.005 0.0011
8 7.97 1.70 0.26 0.29 <0.001 <0.005 0.0010
9 5.05  2.66 0.21 0.28 0.011 <0.005 0.0015
10 5.00 221 0.26 0.29 <0.001 <0.005 0.0013
11 498 2.22 0.75 0.29 <0.001 <0.005 0.0012
12 497  2.21 1.32 0.29 <0.001 <0.005 0.0013
13 499 1.03 2.31 0.29 <0.001 <0.005 0.0010
14 0.02 0.22 248  <0.01 0.002 <0.005 0.0007

Each 2 inch (5 cm) square bar was then processed by two
different processing routes. First, a portion of each 2 inch (5
cm) square bar was subjected to subsequent hot forging to
produce a 0.75 mch (1.9 cm) square bar followed by
annealing to enhance magnetic properties. Each bar was
annealed 1 dry hydrogen (H,) at 2,156° F. (1,180° C.),
cooled at a rate of 200° F. (93° C.) per hour to 1,290° F.
(699° C.), and held at 1,290° F. (699° C.) for 24 hours. Each
bar was then characterized for coercivity (H_.), magnetic
induction at 250 Oe (B,,,), magnetic induction saturation
(Bs), electrical resistivity (p), hardness (Rockwell B) (Rj),
yield strength (YS), ultimate tensile strength (UTS), elon-
gation (EI), and reduction in area (RA). The results are
reported below 1n Table 2.
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FIGS. 1A-1C are graphs depicting the H_, B, and p for
cach series of samples. FIG. 1A depicts the first series
having approximately 10 wt. % Co (Samples 1-3), FIG. 1B
depicts the second series having approximately 8 wt. % Co
(Samples 4-8), and FIG. 1C depicts the third series having
approx1mately 5> wt. % Co (Samples 9-13). In each figure,
the size of each bubble 1s proportional to 1ts coercivity and
the respective samples are also compared to two alloys,
HIPERCO® 27 from Carpenter and Control Sample 14,
corresponding approximately to Silicon Core Iron, also from
Carpenter. HIPERCO® 27 has a B, of approximately 20.0
kG and an H . of approximately 1.7 to approximately 3.0 Oe,
but only an p of 19 uf2cm, not meeting the desired properties
of a B_ greater than 20 kG, a p greater than 40 uf2cm, and
an H . of less than 2 Oe. In contrast, the Control Sample 14
has a p of 40 uf2cm and an Hr of 0.7 Oe, but only a B, of

19.8 kG, also not meeting the desired properties.
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FIG. 1A depicts the three samples (Samples 1-3) having
approximately 10 wt. % Co as compared to HIPERCO® 27
and Control Sample 14. Each of the three samples had a B_

between Hiperco® 277 and Control Sample 14, and greater
than desired B_ of 20 kG. Each of the three samples also had

a HE between HIPERCO® 27 and Control Sample 14, and
met the desired H. of less than 2.0 Oe. However, only
sample 3 (Co=9.98 wt. %, Mn=2.73 wt. %, and S1=1.23 wt.
%) had the desired p of greater than 40 uf2cm. Among the
alloys 1n this series, an increase in S1 content (composition
of other elements remaining constant) increases p, decreases
H _, and decreases B._.

FIG. 1B depicts the five samples (Samples 4-8) having
approximately 8 wt. % Co as compared to HIPERCO® 27

TABLE 2
H, B>so B, P
Sample (Oe) (kG3) (kG) (u€2cm) Rz

1 1.43 (£0.09) 20.7 (z0.1) 21.3 (£0.1) 34.8 (£0.1) 67 (£1)
2 1.30 (£0.02) 20.5 (z0.1) 21.1 (£0.1) 40.9 (£0.7) 74 (£1.5)
3 1.36 (£0.02) 20.3 (£0.1) 209 (£0.1) 45.3 (£0.6) 82 (£1.5)
4 1.27 (£0.05) 20.7 (£0.2) 21.2 (£0.3) 32.2 (£1.4) 64 (£1)
5 0.97 (£0.05) 20.5 (£0.1) 21.1 (£0.1) 29.9 (£0.6) 60 (x1)
6 0.90 (£0.02) 20.3 (£0.2) 20.8 (£0.3) 38.8 (£0.6) 69 (£1)
7 1.00 (£0.01) 20.6 (£0.3) 21.1 (£0.3) 43 (£0.5) 76 (£3)
8 0.79 (£0.05) 20.7 (£0.2) 21.3 (£0.2) 28.7 (£0.6) 55 (1)
9 1.12 (£0.05) 19.8 (z0.2) 204 (£0.2) 294 (£0.5) 57 (£2)
10 0.84 (£0.02) 20.2 (=0.1) 20.8 (£0.1) 28.5 (£1.1) 51 (1)
11 0.84 (£0.02) 20.0 (z0.1) 20.6 (£0.1) 384 (£0.5) 63 (x1)
12 0.73 (£0.03) 19.8 (z0.1) 20.3 (£0.1) 42.2 (£0.5) 72 (1)
13 0.35 (£0.01) 19.8 (z0.1) 204 (£0.1) 48.1 (£1.1) 81 (£2)
14 042 (£0.02) 19.8 (£0.1) 20.3 (£0.1) 39.2 (£0.7) 78 (£2)

YS UTS El RA
(ksi) ) () %)
33.7 (£0.1)  38.2 (x1.5) 44 (1) 83 (£3)
40.9 (£0.2)  65.2 (£0.2) 42 (£1) 81 (4)
48.9 (£0.2)  69.7 (£0.1) 40 (1) 76 (£3)
30.2 (£0.1) 53.2 (z0.3) 47 (£1) 84 (£3)
26.2 (£0.1) 525 (£0.2) 49 (£4) 85 (4)
352 (£0.1) 603 (z0.1) 45 (£1) 85 (1)
44.6 (£0.2)  67.5 (£0.1) 43 (1) 81 (£1)
22.6 (£0.1) 49.2 (z0.1) 51 (£1) 83 (£2)
23.0 (£0.1) 52.1 (z04) 48 (1) 84 (£2)
253 (£0.9) 50.8 (z0.1) 48 (£2) 86 (£3)
33.4 (£0.7) 56.2 (z0.1) 46 (1) 83 (x6)
39.8 (£0.9)  63.8 (z0.1) 44 (£1) 84 (1)
44.9 (£0.1) 68.2 (£0.5) 32 (x3) 51 (£7)
37.6 (£0.1) 53.9 (z0.1) 34 (£3) 68 (£2)
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and Control Sample 14. Each of the three samples had a B,
between HIPERCO® 27 and Control Sample 14, and greater

than desired B, of 20 kG. Each of the three samples also had
a H_ between HIPERCO® 27 and Control Sample 14, and
met the desired H_ of less than 2.0 Oe. However, only
sample 7 (Co=7.99 wt. %, Mn=2.22 wt. %, and S1=1.25 wt.
%) had the desired p of greater than 40 pf2cm. As can be
seen by comparing these alloys to the first series of alloys,
an decrease 1n Mn content (composition of other elements
remaining constant) decreases p and H_, but has only a
marginal eflect on B..

FIG. 1C depicts the five samples (Samples 9-13) having
approximately 5 wt. % Co as compared to HIPERCO® 27
and Control Sample 14. Each of the three samples had a B_
between HIPERCO® 27 and Control Sample 14, and greater
than desired B_ of 20 k(. Each of the three samples also had
a H_. between HIPERCO® 27 and Control Sample 14, and
met the desired H_ of less than 2.0 Oe. However, only
sample 12 (Co=4.97 wt. %, Mn=2.21 wt. %, and S1=1.32 wt.
%) and sample 13 (Co=4.99 wt. %, Mn=1.03 wt. %, and
S1=2.31 wt. %) had the desired p of greater than 40 pf2cm.

A regression analysis was performed to determine the
relationship between the concentrations of Co, Mn, and S11n
the samples and their effects on B, H_, and p. Those
relations are expressed by the following equations, where
X~ 1s the Co concentration, X,, 1s the Mn concentration,
and X, 1s the S1 concentration:

B.=20.7+0.153%*X . ~0.322%X, , —~0.318*X,

(R*=0.86;p=0.00) (Formula 1);

H.=0.209+0.062%X . +0.317*X, ,,~0.096* X,

(R°=0.86;p=0.00) (Formula 2); and

p=13.4+0.557*X - +0.451%X, , +12.2%X,

(R*=0.86;p=0.00) (Formula 3).

From these equations, it can be determined that, for the
range ol alloys examined, an increase in Co concentration
has a positive eflect on B_, while increases in Mn concen-
tration and Si concentration have negative eflects, and the
negative eflects of Mn and Si1 concentration on B_ are
approximately equal and are approximately double the posi-
tive eflect of S1 concentration. It can also be determined that
increasing Co concentration increases H_, increasing Mn
concentration increases H_, and increasing S1 concentration
decreases H_. The eflects of increasing Co and Si concen-
trations on H_ are small relative to the eflect of increasing
Mn concentration. It can also be determined that increasing
any ol Co, Mn, or S1 concentration 1ncreases p, but that the
ellect of S1 concentration 1s approximately 2.7 times greater
than the eflect of Mn concentration and approximately 22
times greater than the effect of Co concentration.

FIGS. 2A-2C depict various mechanical properties of
cach series of alloys (i.e., approximately 10 wt. % Co,
approximately 8 wt. % Co, and approximately 5 wt. % Co)
as compared to Control Sample 14 (1.e., the a substantially
Co-iree control sample), including vield strength (FIG. 2A),
tensile strength (FIG. 2B), and elongation (FIG. 2C). For
cach series, the mechanical properties are suitable for soit-
magnetics applications. In general, within a series, an
increase 1 S1 concentration leads to an increase in strength,
as measured by yield strength and tensile strength, and a
marginal decrease 1n ductility, as measured by elongation,
while an increase 1n Mn leads to a marginal increase in
strength and a decrease in ductility.

FIG. 3A depicts x-ray diflraction data for four exemplary
alloys, specifically Samples 3, 7, 12, and 13. The x-ray
diffraction data for each alloy indicate that they are single
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phase alloys and the (110), (200), (211), and (220) diffrac-
tion peaks correspond to a ferrite or ¢ phase (BCC). Optical
micrographs of Samples [12] (FIG. 3B) and [13] (FIG. 3C)
confirm the presence of a single phase.

In the second processing route, a portion of each 2 inch (5
cm) square bar was heated to 2,200° F. (1,204° C.) and
hot-rolled to a strip with a thickness of 0.25 inch (0.64 cm).
The strip was then sandblasted to remove scale and cold
rolled to a thickness of 0.080 inch (0.2 cm), annealed at
1,300° F. (704° C.) for 2 hours in dry H,, and cold rolled
again to a thickness of approximately 0.045 inch (0.11 cm).
Rings were then stamped from the strip and annealed 1n dry
hydrogen (H,) at 2,156° F. (1,180° C.), cooled at a rate of
200° F. (930° C.) per hour to 1,290° F. (699° C.), and held

at 1,290° F. (699° C.) for 24 hours. Each ring was then

characterized for coercivity (H ), magnetic induction at 200
Oe (B,,,), and core loss (P ) (measured at 60 Hz and 15 kG).

The results are reported below in Table 3.

TABLE 3
Sample H_ (Oe) Boog (kG) P_(W/lb)
1 1.25 (x0.01) 20.5 (£0.4) 4.02 (x0.01)
, 1.22 (x0.01) 19.6 (£0.7) 4.36 (x0.01)
3 1.16 (£0.01) 19.7 (£0.1) 3.99 (£0.01)
4 1.15 (x0.01) 20.8 (£0.2) 4.22 (x0.01)
5 0.91 (£0.01) 19.1 (£0.1) 4.94 (£0.02)
6 0.98 (x0.01) 20.7 (£0.1) 4.81 (x0.01)
7 0.80 (£0.01) 20.7 (£0.1) 4.62 (x0.01)
R 0.79 (x0.01) 20.6 (£0.1) 5.30 (x0.01)
9 0.99 (x0.01) 19.8 (£0.1) 6.03 (+0.01)
10 0.74 (£0.01) 20.6 (£0.1) 4.37 (x0.01)
11 0.74 (£0.01) 19.9 (£0.1) 4.31 (x0.01)
12 0.60 (£0.01) 20.2 (£0.1) 4.18 (x0.01)
13 0.26 (£0.01) 19.8 (£0.3) 4.55 (x0.01)
14 0.39 (£0.01) 19.9 (+1.0) 3.75 (£0.01)

FIG. 4 depicts the P_ of three samples (Samples 3, 7, and
12) which meet the desired properties (B_ greater than 20
kG, p greater than 40 pn&2cm, and H_ of less than 2 Oe) prior
to being processed into strips as compared to strips of
HIPERCO® 27 and Control Sample 14. As can be seen from
FIG. 4, Samples 3, 7, 12 each have a P_ value similar to the
cobalt-tfree Control Sample 14, but less than the P_ value of
HIPERCO® 27.

Although 1illustrated and described above with reference
to certain specific embodiments and examples, the present
invention 1s nevertheless not intended to be limited to the
details shown. Rather, various modifications may be made 1n
the details within the scope and range of equivalents of the
claims and without departing from the spirit of the invention.
It 1s expressly intended, for example, that all ranges broadly
recited in this document include within their scope all
narrower ranges which fall within the broader ranges. It 1s
also expressly imntended that the steps of the methods of using

the various devices disclosed above are not restricted to any
particular order.

What 1s claimed:

1. A magnetic 1sotropic 1ron alloy comprising;:

Iron (Fe);

cobalt (Co) from greater than 5 wt % to approximately 8
wt. %o;

approximately 0.05 wt. % to approximately 5 wt. %
manganese (Mn);

approximately 1.3 wt. % to approximately 5 wt. % silicon

(Si1);
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chromium, up to approximately 0.3 wt. %;

vanadium, up to approximately 2 wt. %;

copper, up to approximately 0.05 wt. %; and

gadolinium (Gd) from 0.11 wt % to approximately 0.15

wt %.

2. The magnetic iron alloy of claim 1, further comprising
one or more of:

nickel up to approximately 1 wt. %;

niobtum up to approximately 0.05 wt. %; and

carbon up to approximately 0.02 wt. %.

3. The magnetic 1ron alloy of claim 1, wherein the alloy
has an electrical resistivity (p) of at least approximately 40
ué2cm.

4. The magnetic 1ron alloy of claim 1, wherein the alloy
has a saturation induction (B,) of at least approximately 20
kG.

5. The magnetic 1ron alloy of claim 1, wherein the alloy
has a coercivity (H ) of less than approximately 2 Oe.

6. The magnetic 1ron alloy of claim 1, wherein the alloy
has an p of at least approximately 40 puf2cm, a B_ of at least
approximately 20 kG, and a H _ of less than approximately 2
Oe.

7. The magnetic 1ron alloy of claim 1, wherein the alloy
comprises primarily a single alpha (o) phase.

8. The magnetic 1ron alloy of claim 7, wherein the alloy
comprises at least approximately 95% of the alpha phase.

9. The magnetic 1ron alloy of claim 7, wherein the alloy
comprises at least approximately 99% of the alpha phase.
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10. A magnetic 1ron alloy comprising:

1ron;

cobalt from greater than 5 wt. % to approximately 8
wt. %;

approximately 0.05 wt. % to approximately 5 wt. %
manganese;

approximately 1.3 wt. % to approximately 5 wt. % silicon,
chromium, up to approximately 0.3 wt. %;
vanadium, up to approximately 2 wt. %;
copper, up to approximately 0.05 wt. %; and
gadolinium (Gd) from 0.11 wt % to approximately 0.15
wt %,
wherein the alloy has a p of at least approximately 40
uC2cm, a B_ of at least approximately 20 kG, and a H_
of less than approximately 2 Oe.
11. The magnetic 1ron alloy of claim 10, further compris-
Ing one or more of:
nickel up to approximately 1 wt. %;
niobium up to approximately 0.05 wt. %; and
carbon up to approximately 0.02 wt. %.
12. The magnetic 1ron alloy of claim 10, wherein the alloy
comprises at least approximately 95% of an alpha phase.
13. The magnetic 1ron alloy of claim 10, wherein the alloy
comprises at least approximately 99% of an alpha phase.
14. The magnetic 1ron alloy of claim 10, wherein the alloy
includes approximately 8 wt. % Co, approximately 2.2 wt.
% Mn, and approximately 1.3 wt. % Si1.
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